Lipases are enzymes that hydrolyze lipids and have several industrial applications. There is a tremendous effort in engineering the activity, specificity and stability of lipases to render them functional in a variety of environmental conditions. In this review, we discuss the recent experimental and simulation studies focused on engineering lipases. Experimentally, mutagenesis studies have demonstrated that the activity, stability, and specificity of lipases can be modulated by mutations. It has been particularly challenging however, to elucidate the underlying mechanisms through which these mutations affect the lipase properties. We summarize results from experiments and molecular simulations highlighting the emerging picture to this end. We end the review with suggestions for future research which underscores the delicate balance of various facets in the lipase that affect their activity and stability necessitating the consideration of the enzyme as a network of interactions.
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I. INTRODUCTION
Enzymes are proteins that serve as biological catalysts and play a critical role in regulating metabolic pathways in organisms. 1 Enzymes possess high specificity, selectivity and environmental benignity in contrast to the traditionally used non-biological catalysts.
Consequently, there is a high demand for using enzymes for industrial applications. conditions that deviate from their normal environment, such as high temperatures and acidic conditions. 4 Therefore, there has been considerable interest in engineering enzymes to function in a broad range of conditions.
Protein engineering, and specifically enzyme engineering, is an active area of research.
The goal of enzyme engineering is to design enzymes for specific applications through an ability to tune its window of functionality (e.g. temperature range, pH conditions, substrate specificity, enantioselectivity, etc). 5 Enzyme structure plays the key role in determining the activity and stability of an enzyme. Therefore, understanding the relationship between enzyme structure, activity and stability is the holy grail of enzyme engineering.
This relationship is often investigated through studies of enzyme evolution in related organisms from different environments and through more systematic studies comparing wild type (WT) and mutant enzymes. For example, comparative studies of similar enzymes from psychrophilic and thermophilic organisms have long suggested that enzymes adapt to different temperatures by modulating their flexibility. [6] [7] [8] Psychrophilic enzymes seem to function at low temperatures through evolution of high active site flexibility, while thermophilic enzymes adapt high temperatures by reducing their overall flexibility. To further elucidate the relation between specific residues and flexibility, various experimental techniques such as directed evolution [9] [10] [11] [12] [13] and rational engineering [14] [15] [16] [17] [18] have been used.
These methods enable systematic studies of mutant enzymes and their corresponding effects on stability and activity. Directed evolution imitates natural adaptation of enzymes in a controlled environment by selection for enzymes with specific properties (e.g., activity at higher temperature) through iterative generation of mutagenesis. The effectiveness of directed evolution can be improved by evolving the enzyme semi-rationally. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 59 60 A c c e p t e d M a n u s c r i p t increasing experimental data on enzyme activity, stability and structure, there has been a concurrent increase in the computational studies geared towards elucidating the enzyme structure-activity-stability relationship.
In this review, we focus on the recent advances in lipase engineering. Lipases catalyze the hydrolysis of lipid molecules and therefore, have several industrial applications. They have been used in pharmaceuticals, detergents, paper and pulp industry, and food and beverages. [22] [23] [24] [25] [26] These applications require lipases to function in various conditions and therefore, in recent years several studies focused on developing strategies to engineer lipases have been reported. [27] [28] [29] [30] [31] [32] While these studies have established promising guidelines, a clear strategy to manipulate the activity, specificity and stability for given conditions remains elusive. We summarize the emerging understanding of the relationship between lipase structure, flexibility, activity and stability. In doing so, we also highlight the complexity in establishing these relationships. Finally, we provide our perspective on the possible future directions of research to achieve an ability to engineer lipases as desired.
The outline of the review is as follows: We begin with describing the terminology used to characterize enzyme activity and stability (Section II). In Section III we introduce the structure and reaction mechanism of lipases. In the next two Sections (IV and V) we summarize the recent experimental and simulation studies performed on Bacillus subtilis lipase A and Candida antartica lipase B, which are the two most widely studied lipases.
Studies focused on other lipases are discussed in Section VI. We end with our conclusions and perspectives in Section VII.
II. ENZYME ACTIVITY AND STABILITY
Activity measures the potential of an enzyme to catalyze a given reaction. It is commonly quantified as the amount of product produced per unit time under specified conditions. 33, 34 Activity is obtained by monitoring the change in the concentration of the substrate or product with time using enzyme assays. 35, 36 The results are reported in terms of specific activity, which refers to activity normalized by the total utilized mass of enzyme in the reaction. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t ascribed to Arrhenius-like increase in reaction rate with temperature competing against thermal unfolding of enzyme structure. The point of maximum activity is referred to as the optimal activity, and the corresponding temperature is called optimal temperature (T opt , see Fig. 1 ). 38 The shift of the curve towards higher temperatures for the mutants in Fig. 1 indicates that the mutants are active at higher temperatures than the WT. permission from Elsevier. [86] In addition to specific activity, kinetic and stability parameters of enzymes are also evaluated. These parameters are used to compare the specificity of enzymes and their corresponding capacity to catalyze reactions in different conditions. The kinetics are quantified by describing the reaction using the Michaelis-Menten model. 39 This model relates the reaction rate to the substrate concentration using two parameters, V max and K m .
These parameters describe the maximum reaction rate and the substrate concentration giving rise to half the maximum reaction rate (V max ), respectively. V max is the product of the catalytic rate constant (k cat ) and the total enzyme concentration. k cat describes the frequency of conversion of enzyme-substrate complex to product per time. The ratio 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t enzymes 39, 40 and is often used to compare the activity changes with mutations. These parameters are specific to substrate and reaction conditions as shown in Table II . An enzyme with lower K m and higher k cat values indicates that it has both high affinity with the substrate and faster catalytic rate under the specified reaction conditions.
The stability of an enzyme refers to its ability to tolerate environmental conditions, such as temperature, pressure, pH, and chemicals. Temperature based stability of an enzyme is expressed by either its ability to function after thermal treatment or tendency to undergo unfolding. The former type of stability is referred as the kinetic stability and the latter as thermal stability in this manuscript. Kinetic stability is determined by incubating the enzyme for specified duration at higher temperature and then measuring the residual activity when cooled back to the lower (predetermined) temperature. It therefore characterizes the resilience of the enzyme structure to higher temperatures and strongly depends on the unfolding aggregation propensity of enzymes. Kinetic stability is reported as the change in residual activity with temperature and is described by T 50 and half-life values (t 1/2 ) as shown in Fig. 2a and 2b. T 50 corresponds to the temperature at which the enzyme loses 50% of its activity. t 1/2 is defined as the time required for the enzyme to attain 50% of its residual activity when incubated at a predetermined higher
temperature. An increase in these values indicates an increase in the corresponding kinetic stabilities. Thermal stability is measured by melting temperature (T m ) and stability curves 41, 42 as illustrated in Fig. 2c and 2d, respectively. It is measured by monitoring the fraction of folded protein as a function of temperature using experimental techniques such as nuclear magnetic resonance (NMR), and circular dichroism (CD) spectroscopy.
The temperature at which the fraction equals 0.5 is called the T m . The stability curves represent the variation in the free energy of unfolding (∆G) with temperature. They are parabolic in shape and intersect the ∆G = 0 line at both low and high temperatures.
The unfolded state of the protein is more favored at temperatures lower and higher than these limits. Broadening and/or shifting of these curves is associated with changes in the thermal stability. For example, as seen in Fig. 2d , the stability curves of the mutants were broader and shifted towards higher ∆G values indicating improved thermal stability of the BSLA mutants. permission from Elsevier. [86? , 87] temperatures (T>T opt ) has generally been attributed to the loss of the enzyme's folded structure. 43 Alternative theories have also been proposed to explain the loss of activity 6 A c c e p t e d M a n u s c r i p t in the absence of unfolding. However, in all these theories the structural stability and dynamics (i.e. conformations sampled) of the enzyme play a central role. Therefore, in order to improve activity at higher temperatures, several studies have focused on increasing either kinetic or thermal stability of the enzyme. Previous work comparing homologous proteins from psychrophiles, mesophiles and thermophiles concluded that the stability of these proteins was regulated by changing the flexibility (or rigidity) of the protein structure. 32, [44] [45] [46] [47] [48] [49] [50] It has been suggested that thermophilic enzymes evolve rigid structures to remain stable and the thermal energy at high temperatures provide the flexibility to the active site. On the other hand, the psychrophilic enzymes have not evolved under thermal selection pressure and generally have lower thermostability but higher flexibility especially in the active site region. [51] [52] [53] [54] [55] [56] The increased flexibility contributes to the lower thermal stability of psychrophiles. Consequently, flexibility has become a key parameter to bridge the mutations (therefore, effect of a residue) to the observed changes in activity and stability when comparing enzymes.
Flexibility has been used in the literature to describe changes in protein conformation over a broad range of spatial and temporal scales. 
61-63
Several excellent reviews have discussed the interplay between activity and stability.
64-68
We highlight the key points relevant to the manuscript and direct the readers to these reviews for more detailed discussions. substrate affinity. These diverse outcomes were attributed to flexibility changes in the enzyme caused by mutations. It was suggested that the location of the flexibility change within the enzyme structure governed the negative versus positive correlation between stability and affinity. A discussion of the balance between activity and stability in psychrophilic enzymes was presented by Feller. 67 It appears that these enzymes are more flexible to remain active in low thermal energy conditions. In doing so, they sacrifice their substrate affinity and stability. This was supported by the studies that incorporated mesophilic activity in psychrophilic enzymes by targeting residues with potential role in stabilizing local interactions and hence, decreasing the local flexibility. The result was a negative correlation between catalytic rate and affinity. Siddiqui 66 presented the activitystability trade-off in terms of enthalpy-entropy compensation. The idea is that activity can be increased if the enthalpic barrier decreases and/or the entropic barrier increases.
Similarly, the stability can be increased by increasing the associated enthalpic barrier and decreasing the entropic barrier. Enthalpic activation barrier can be achieved by eliminating some enthalpy-related interactions within the active site that will be broken in the transition state. This will result in higher flexibility of the active site. Similarly, mutations on the surface of the protein to enhance electrostatic interactions (and hence rigidifying the protein) for thermostabilization and including solvent molecules in the 8 A c c e p t e d M a n u s c r i p t active site that are expelled during substrate binding (and hence decreasing the entropic barrier) can be used to balance activity and stability. In most cases, the structural origins for the changes in activity and stability were mapped to the changes in flexibility caused by the mutations. Comprehensively, these investigations demonstrate the possibility of changing activity and stability as well as in the potential of escaping the trade-off between activity, stability and affinity (specificity). However, what remains challenging is the capability to map the origins of these changes to the protein structure and dynamics, which is a prerequisite to develop predictive abilities for engineering enzymes.
In the following sections, we outline the studies probing the relationship of activity and stability in lipases. We primarily focus on bacillus subtilis lipase A (BSLA) and candida antartica lipase B (CALB) which are two of the most studied lipases. We also briefly discuss relatively less studied lipases such as geobacillus thermocatenulatus (GTL) lipase. In doing so, we span lipases of different sizes as well as broad range of optimal and melting temperature. BSLA, CALB, and GTL are considered mesophilic, psychrophilic, and thermophilic lipases, respectively. variance comes from the presence of additional structural elements in addition to the α/β core and include the lid domain, zinc domain and calcium binding domain (Fig. 5 ). These domains play important functional roles [72] [73] [74] [75] [76] in the activity and stability of lipases. The lid domain, also referred to as extra cap or flap, is made of amphipathic loops or α-helices and protects the lipase binding site. 73, 77 This domain is activated in the presence of a hydrophobic phase (e.g., oil phase) such that the hydrophobic side of the lid is exposed to the hydrophobic phase. This has led to the suggestion that lipases with lid domains have 10 Page 10 of 32 AUTHOR SUBMITTED MANUSCRIPT -MRX-105100 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t two conformations -open and closed -which essentially refers to the lid conformations that allow or restrict the access to the binding site, respectively (see Fig. 5 ). The zinc binding domain has been found to play an important role in the opening and closing of the lid domain as well as in stabilizing thermophilic lipases. 74, 75 Lipases also differ in their substrate specificity. Specificity implies the selectivity of the enzyme towards particular substrates based on the substrate chemistry, chirality and/or chain length. 78 The various structural entities of lipases -active site, substrate binding site, lid domain, zinc domain, calcium binding site -therefore, represent various knobs that can be tuned to engineer the activity and stability of lipases. 
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B. Lipases: Reaction mechanism
The reaction mechanism of ester hydrolysis in lipases is shown in Fig. 6 . The hydrolysis involves three residues -Asp/Glu, His, and Ser -referred to as the catalytic triad.
The mechanism involves two steps -acylation and deacylation. In the acylation step, the hydroxyl group of Ser is deprotonated by the His residue. This is driven by the interaction of Asp/Glu with His which allows the His to act as a base and deprotonate Ser.
The deprotonated Ser is nucleophilic and binds to the carbonyl carbon of the substrate 
IV. BACILLUS SUBTILIS LIPASE A
BSLA is obtained from bacillus subtilis, which is a gram-positive, aerobic and endospore forming bacterium. 81 The small size of BSLA (∼19.4 kDa) compared to other lipases, and large biotechnological applications has made BSLA a choice lipase system for several studies probing activity and stability. The crystal structures were resolved at various pH values. [82] [83] [84] BSLA was found to contain only the core α/β hydrolase fold of lipases ( Fig.4a) and structure lacks the lid domain. Thus thus, the catalytic site is exposed to the solvent. It is tolerant to extreme alkaline environments with an optimal activity at pH 10, T opt = 35
• C 83 and T m = 56
• C 85 .
Several rational and semi-rational mutagenesis strategies to generate variants of BSLA that are more stable, or more selective, or more active, or any combination thereof, have been reported. It seems that while it may be relatively straightforward to enhance one of these properties, being able to achieve two or more with minimal mutations is challenging.
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Page 12 of 32 AUTHOR SUBMITTED MANUSCRIPT -MRX-105100 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Funke et al. 27 performed directed evolution experiments to improve selectivity of BSLA by checking for variants with higher enantioselectivity in each generation. They were able to obtain more selective mutants in this manner. However, it was observed that the more selective mutants had lower kinetic stability. The authors speculated that while some mutations were enhancing the selectivity, others were negatively affecting the stability.
In a series of experiments by Rao's group 31,84-89 , error-prone polymerase chain reaction was combined with saturation mutagenesis to obtain more stable variants of BSLA (Table   II Rows . From the first generation, they identified a single-site mutant (N166Y)
for further evolution. In the later generations, mutants with potential destabilizing local contacts, estimated based on their physicochemical properties and location within the BSLA structure, were eliminated. Consequently, variants with single and multiple site 13 (Fig. 2b) . 87 This suggests that the observed activity at higher temperatures in these variants could be a result of increased population of active conformations with higher thermodynamic stability.
The challenge has been in elaborating the contribution of each mutation on the activity and stability of the variants. Simulations and experimental studies have been performed to probe this and in some cases, have resulted in contradictory conclusions. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t
In addition to flexibility, other potential factors affecting the stability and activity interplay have been proposed. Iterative saturation mutagenesis was performed on residues with high B-factors obtained from crystallographic structure of BSLA to enhance stability.
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This method was developed to accelerate the search for better variants using directed evolution. The mutants (Table II Rows 24-26) generated had high residual activities following incubation at different temperatures. However, their thermal stability was found to be lower than the WT. 91 Later experiments indicated lower aggregation propensity of the variants as the likely reason for the improved residual activities at high temperatures.
This role of aggregation in improving residual activity was also indicated as a factor in enhancing stability of the 6B mutant from Rao's group. in Rao's group were more rigid than the WT and when applied to the less thermostable mutants obtained by Reetz et al. 32 , they found that the mutants were more flexible. While this indicated some correlation between the flexibility and stability, further decomposing this into the effects of the individual mutated residues became difficult. For example, the observed increase in rigidity was suggested to arise from stronger contacts between the β-strands and α-helices buried in the core even though the mutations were at the lipase surface. This indicates that mutations can have long-range effects in the protein and therefore, while no large change may be obvious, collective subtle changes across the lipase structure can lead to differences in the activity and stability. This aspect was fur- 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t network analysis on the six BSLA mutants including 6B reported by Rao and coworkers.
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Based on the network, the authors identified communities -residues within the network that are more connected among themselves compared to other residues. It can be loosely thought of as cluster of interacting residues. Fig. 7 illustrates the crystal structure and communities of WT BSLA and 6B mutant. While no major differences are seen in the crystal structure, the changes in the communities of the WT and 6B mutant are clearly seen. For example, the first mutation of the 6B generation (N166Y) splits the red community of WT into two communities. This can have potential impact on the contacts between different helices in the lipase structure. The network based approaches highlight the intricate interconnection of the residues within the protein structure. In a recent study, Tian et al. 94 were able to develop a relation between residue-residue contact energy matrix to change in melting temperature upon mutation. They obtained encouraging results when the strategy was applied to BSLA. Collectively, these studies indicate that proteins are networks of contacts and therefore, to successfully develop predictive tools to ascertain the activity and stability of a mutant we need to begin with considering the protein as a whole and probe the interplay of local and global changes. A c c e p t e d M a n u s c r i p t 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t V. CANDIDA ANTARCTICA LIPASE B Candida antarctica lipase B (CALB) was widely used 98 psychrophilic lipase with an optimal activity at pH 7 and T opt = 45
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• C. 73 CALB is larger than BSLA with a molecular weight of ∼33 kDa (Fig. 4) . It has also been suggested that CALB has a lid domain shielding its catalytic triad. However, the presence of the lid domain is debated.
99-101
Interfacial activation, which is considered the signature for lid mechanism, is reported to be absent for CALB. 
102,103
Based on the idea of the narrow opening to the active site, Magnusson et al 104 used
site-directed mutagenesis to engineer CALB for larger substrates. They mutated the tryptophan near the catalytic Ser to smaller residues (His, Gln and Ala), and were able to improve the specificity towards larger substrates. The corresponding structural and stability changes were however, not investigated. It is possible that because the mutated tryptophan is in the vicinity of the catalytic Ser, the mutations affect the active site flexibility, which could also impact substrate specificity. Lutz et al 105 applied circular permutation to obtain variants of CALB with higher catalytic activity. Few variants thus generated displayed enhanced catalytic efficiency but had lower stability than WT CALB. Also, the increase in catalytic efficiency was dependent on the substrate (Table   III Rows 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t found to have higher kinetic and chemical stability than the corresponding single mutants. Interestingly, the T m values did not differ significantly for WT and the mutants.
The crystallographic B-factors suggested lower flexibility of the active site. Using MD simulations, Xie et al concluded that the mutations resulted in increased hydrogen bonding within the mutant structures thereby, inducing rigidity. This was suggested to be the reason for increased kinetic stability of the mutants. However, the reason that the change in flexibility does not affect T m but changes in kinetic stability were not explained. Zhang et al 106 employed directed evolution to obtain kinetically more stable mutants (Table III Rows 21-26). The mutations replaced a hydrophobic residue with a polar residue in a hydrophobic patch on the enzyme surface. It was suggested that this reduction of the hydrophobic patch made the mutants less aggregation prone and hence, more kinetically stable. Le et al 45 focused on introducing disulfide bonds in CALB to increase its thermostability. They used a two-step criteria to identify the appropriate locations for the disulfide bonds. In the first step, residue pairs for cysteine mutations were identified based the likelihood of forming a disulfide bond. The likelihood was determined based on distance, angle and energy based parameters. In the second step, the residue pairs identified are filtered with additional criteria related to their flexibility in WT structure.
Le et al. identified three pairs for mutations (Table III Rows [27] [28] [29] [30] [31] [32] , of which one resulted in higher kinetic stability (Table III Row 28 ). The T m and activity of the mutant was similar to that of WT. The increased kinetic stability was credited to reduced flexibility of the mutant. The others, in spite of having lower flexibility than WT, showed reduced kinetic stability. It was suggested that perhaps the mutations were distorting the active site in these cases. Clearly, flexibility alone could not explain the trends of the mutants.
Collectively these studies illustrate that akin to BSLA, several factors can contribute to the balance of stability and activity in CALB. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 
VI. OTHER LIPASES
In addition to BSLA and CALB, lipases from other organisms have also been studied 74, 77, [107] [108] [109] .
Here, we discuss a subset of these focusing on lipases larger than BSLA and CALB.
Geobacillus thermocatenulatus lipase (GTL) belongs to the lipases with the ability to function in various organic solvents, extreme alkaline environments, and high temperature 77 .
It has a molecular weight of ∼43 kDa and comprises a lid domain with two helices and a zinc binding domain. GTL shows enhanced activity in the presence of a hydrophobic 21 Directed evolution based on random mutagenesis was used to screen low temperature activity mutants of a lipase 109 with 96% sequence identity to GTL (obtained by comparing protein sequences in NCBI 111 ). The resulting single site (S130T) mutant had a 30
• C lower T opt relative to WT. Homology modeling indicated that the mutation was located in a loop connecting two helices, one of which is vicinal to the active site. It was suggested that hydrogen bonds involving Ser held the helices together, which were broken due to the mutation resulting in enhanced flexibility of the loop and hence lower T opt . In a related study 108 , kinetic stability changes with mutations near the active site were probed (Table IVRows 8 -11) . The trends observed in the kinetic stability were explained based on inferences about the flexibility and local electrostatic interactions based on comparing structures of the WT and mutants.
Combined experimental and simulation studies were used to probe the molecular ori-
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Page 22 of 32 AUTHOR SUBMITTED MANUSCRIPT -MRX-105100 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t gins of the higher activity of double mutant (F180P/S205G) of pseudomonas mendocina lipase 59 . It was also found that aggregation of the mutant was lower than the WT which was considered to be the underlying reason for the increased activity. NMR experiments revealed similar global structures with local differences and NMR relaxation experiments showed differences in the local dynamics. H/D exchange experiments indicated higher local stability of the mutant in certain secondary structural elements. MD simulations suggested that the mutant had lower local flexibility than the WT. The mutant was determined to have higher melting temperature than the WT using CD/DSC/Fluoroscence spectroscropy experiments. Based on these detailed experiments, it was suggested that the reduced local flexibility of the mutant enhanced the stability and reduced the unfolded states available for aggregation thereby, increasing activity of the mutant. Similar to CALB and BSLA, these studies highlight the different approaches available for balancing activity and stability of lipases. 
VII. CONCLUSIONS AND PERSPECTIVES
The studies described here demonstrate the ability of the current experimental techniques in modifying the activity and stability of lipases. It is clear from these studies that there are various knobs that can be adjusted to fine tune the properties of the lipases. It is also apparent that in several cases this can be achieved through mutations of few (one 23   Page 23 of 32  AUTHOR SUBMITTED MANUSCRIPT -MRX-105100   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t or two) residues of the lipase. However, the question that remains unanswered is -how do we know a priori which residue to mutate? To answer this question, it is necessary that we relate the mutations to the structure of lipase and relate those structural changes to the activity and stability of lipases.
Several experimental and simulation studies have focused on teasing out the structural origins of activity and stability in mutants of lipases. Inspired by the differences in the protein flexibility of cold-and heat-adapted proteins, several of these studies have attempted to correlate the flexibility differences in the mutants relative to WT to the differences observed in the activity and stability. For example, in ongoing efforts in our research, we have employed the idea of increasing active site flexibility of thermophilic GTL to improve its low temperature activity. To do so we replaced larger residues vicinal to the active site with Gly. 112 Some mutations indeed have the desired higher activity at low temperatures. We characterized the flexibility of the WT and mutant GTL using MD simulations. We measured flexibility using various parameters -RMSF on a per residue basis, fluctuations in the side chains, as well as changes in the arrangement of the catalytic triad. While we did see differences in the WT and mutant, we did not observe consistent trends correlating flexibility and experimentally measured activity. In addition, we observed that there were changes in the flexibility both close to and away from the mutated site. Observations such as this led to the concept of representing proteins as networks of interactions.
Network representation of proteins has the advantage of accounting for the interactions between the residues and hence, capturing the potential long range effect of mutation within the protein structure. This is seen in the analysis of BSLA and its mutants, where while there were small structural differences, considerable differences in the network of interactions was observed. In fact, in our studies of GTL and its mutants, we used network
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